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Background: Stress defined as a disruption in the normal homeostatic functions of an 
organism caused by stressor (a physiological or psychological challenge) is an unavoidable 
normal component of life. Previous studies suggest that stress hormones have acute adverse 
effects on glycaemic control. The aim of this study was to assess the effect of chronic 
psychological and physical stress on the expression of insulin receptor and GLUT4 
transporters in male Sprague-Dawley rats. Methods: Male rats (12 weeks old) were randomly 
distributed into 3 groups: control, water avoidance stress (WAS), forced swimming stress 
(FSS). The stress procedures were performed between 9:00 and 11:00 am to minimize the 
effect of circadian rhythm and lasted for 28 consecutive days. Levels of insulin and 
corticosterone in the blood were determined using enzyme-linked immunosorbent assay. 
Glucose metabolism was assessed by glucose tolerance test (GTT) and insulin tolerance test 
(ITT), and expression of insulin receptor (INSR) and glucose transporter-4 (GLUT4) in 
skeletal muscle. Results: The FSS rats had decreased food intake as well as final body weight 
and without adverse changes in GTT, stress worsened insulin sensitivity in FSS rats and 
increased insulin in the blood. Stress also increased corticosterone, decreased INSR and 
GLUT4 in the skeletal muscle of both groups. Conclusion: Chronic stress evokes insulin 
insensitivity and impairs glucose metabolism through the down-regulation of INSR and 




Stress defined as a disruption in the normal homeostatic 
functions of an organism caused by stressor (a 
physiological or psychological challenge) is an 
unavoidable normal component of life. Animals like 
other forms of life have developed mechanisms to cope 
with stress, in order to maintain homeostasis and 
survive. Stress stimulates several adaptive hormonal 
responses, prominent among which are the secretion of 
catecholamines from the adrenal medulla, 
corticosteroids from the adrenal cortex, and 









adrenocorticotropin from the anterior pituitary 
(Carrasco et al., 2003). In fact, the sympato-adrenal and 
hypothalamic-pituitary-adrenocortical systems have 
complex interactions to maintain the internal 
environment during exposure of organism to a wide 
variety of stressors (Kevetnansky et al., 1993). 
The effects of “stress” on energy metabolism are 
complex and may depend on the nature of the stressor 
(ie, positive versus negative stressors, heterotypic 
[different types] versus homotypic [same types] 
repeated stressors, psychological versus metabolic 
stressors), and may differ from the short-term effects of 
stress hormones. Previous studies suggest that stress 
hormones have acute adverse effects on glycaemic 
control (Raikkonen et al., 1996; Strommer et al., 1998; 
Soop et al., 2001) however; long-term repeated 
homotypic stressors may have opposing effects. For 
instance, repeated immobilization stress in rat increases 
hepatic glucose uptake (Zhou et al., 2001), improved 
haemoglobin A1c and glucose tolerance, whereas short-
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term immobilization transiently increased blood 
glucose (Kai et al., 2000). In addition, chronic 
immobilization stress resulted in improved glucose 
tolerance and insulin secretion in rat (Thiago et al., 
2013). 
Insulin biological actions are essential for glucose level 
control (Pereira et al., 2003). Insulin resistance is 
defined by decreased sensitivity or loss of its metabolic 
response. Insulin resistance can be generated by 
alterations in the number of insulin receptors and in 
insulin signalling (Jellinger, 2007) and several 
researchers have observed that insulin resistance may 
be linked to abnormalities in glucose transporter4 
receptor (GLUT4). Insulin plays a key role in glucose 
homeostasis as it regulates the disposal and storage of 
glucose by stimulating the uptake of glucose into the 
muscle and fat. Insulin activates the insulin receptor 
(INSR), which phosphorylates and recruits different 
substrate adaptors such as the insulin receptors 
substrate family of proteins. This leads to an increase in 
the quantum of glucose transporter (GLUT4) molecules 
on the outer membrane of insulin-responsive tissues, 
including muscle cells and adipose tissue, and therefore 
to an increase in the uptake of glucose from blood into 
these tissues. Despite existing evidence, the exact role 
of INSR and GLUT4, especially under chronic stress 
condition, on glucose homeostasis is still unclear. In 
this study, we examined the effect of chronic 
psychological and physical stress on glucose tolerance 
and insulin sensitivity in male Sprague-Dawley rats. 
More importantly, the expression of insulin receptor 
and GLUT4 transporters were assessed. 
 
MATERIALS AND METHODS 
Animals 
Male rats (12 weeks old) were obtained from Animal 
House of the College of Medicine, University of Lagos 
and housed 6 per cage under controlled conditions for 
the light/dark cycle, temperature, and humidity. The 
animals were kept in the same animal facility for at 
least 1 week before the experiments. Rats were fed a 
standard chow diet and water ad libitum. All 
experiments and procedures were performed in 
accordance to the Guide for the Care and Use of 
Laboratory Animals published by the National 
Research Council, and was approved by the Ethics 
Committee of the College of Medicine of the 
University of Lagos. 
 
Stress protocols 
To acclimatize the rats to manipulation by humans, all 
rats (stressed and controls) were handled daily for one 
week. The animals were divided into three groups, 
consisting of 6 animals in each group. Group one 
served as the control and no stress or treatment was 
applied to the rats in this group while group 2 and 3 
served as the forced swimming stress (FSS) and water 
avoidance stress (WAS) respectively. These test stress 
procedures were performed between 0900 and 1100 h 
to minimize the effect of circadian rhythm and lasted 
for 28 consecutive days. Control rats were still handled 
and weighed daily but remained in their home cages. 
 
Forced Swimming Test 
Physical stress was induced according to a previous 
method (Anand et al., 2010) and amended. Briefly, the 
rats were individually placed inside a 25 cm PVC 
cylinder (with a 14 cm diameter) containing 20 cm of 
water that was maintained at 24 ± 2°C and were forced 
to swim for 10 min. Animal judged to be immobile 
(when it ceased struggling and remained floating 
motionless in water, making only movements necessary 
to keep its head above water) were removed.  
 
Water Avoidance Test 
The test apparatus consisted of a PVC tank (45 cm 
length x 25 cm width x 25 cm height) with a block (10 
x 8 x 8 cm) affixed to the centre of the floor. The tank 
was filled with fresh room temperature water (24 ± 
2°C) to within 1 cm of the top of the block. The 
animals were placed on the block for a period of 1 h 
daily. This well characterized test represents a potent 
psychological stressor with large elevations of ACTH 
and corticosterone within 30 min (Million et al., 1999). 
 
Assessment of food intake and body weight  
Food intake was measured daily between 09:00 and 
10:00 throughout the experiment by measuring the 
difference between the amount of feed put in the cage 
and the remaining amount. The weight of the animals 
was measured once a week during the experimental 
period by a digital scale (Ohaus Scout Pro, Pine Brook, 
New Jersey, USA). 
 
Glucose tolerance and insulin tolerance tests 
A separate group of stressed rats was used to perform 
glucose tolerance (GTT) and insulin tolerance tests 
(ITT). These tests were conducted on day 7, 14 and 28 
of the experimental period. Rats that were used for the 
glucose tolerance test (GTT) were fasted overnight (16 
h). Basal levels of glucose (0 min) were measured from 
the tail vein, followed by oral administration of glucose 
(200 mg/kg). Blood glucose levels were measured at 
30, 60, 120 and 180 min using the portable glucose 
meter (Accu-Chek glucose meter, Roche Diagnostics, 
Germany) using tail vein blood.  
Insulin tolerance test is a simple method to measure 
insulin resistance that has a good correlation with 
glucose clamp studies (Sin et al 1996). Rats that were 
subjected for insulin tolerance test (ITT) were fasted 
for    4 hours. Basal  blood  glucose levels  (0min) were  
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Table 1: Effects of chronic psychological and physical stress on food intake and body weight in rats. 
Parameters Timeline Control WAS FSS 
Food Intake (g) Day 7 142.29±2.96 125.71±6.81* 135.86±5.62* 
 Day 14 153.50±9.56 152.00±2.87 128.67±8.37*# 
 Day 21 153.67±4.84 159.00±2.74 141.00±3.66*# 
 Day 28 155.00±4.23 156.20±3.52 130.80±4.49*# 
Body Weight (g) Baseline 157.17±8.97 158.00±5.53 150.17±5.31 
 Week 1 184.83±10.33 172.83±7.27 171.17±5.23 
 Week 2 195.17±10.91 181.50±7.64 175.17±6.02* 
 Week 3 218.67±13.02 208.17±10.97 192.67±7.30* 
 Week 4 219.33±12.08 204.33±8.55 185.67±8.30*# 




Fig. 1. Effects of a chronic psychological and physical stress on glucose tolerance. “A” and “B” are glucose responses during 
OGTT after 14 and 28 days of stress; “C “is the area under curve of the blood glucose for the OGTT (A) and ITT (B). Data are 
expressed as means ± SEM (n=6).  
 
measured followed by injection of insulin (2 U/kg) into 
the peritoneum, and blood glucose levels were 
measured at 15, 30, 60, and 120 min using the same 
portable glucometer as in the GTT above. Total area 
under the curves (AUC) in response to glucose or 
insulin administration was calculated using GraphPad 
Prizm Software (GraphPad Software, San Diego 
California, USA) 
 
Expression of corticosterone, insulin, insulin receptors 
and GLUT4 
After light ether anaesthesia, blood samples were taken 
following over-night (16 h) fasting, 1ml blood was 
collected in an Eppendorf tube containing 5 μl heparin 
(5000 IU/ml) (Chalkley et al., 2002), and centrifuged at 
3000 rpm for 5 min at 4°C (Toleikis et al., 1995). 
Plasma was removed and kept at -20 °C for measuring 
the corticosterone, insulin, insulin receptors and 
GLUT4 concentrations. These parameters were 
determined using enzyme immunoassay (EIA) kit 
(Elabscience Biotechnology Co., China). The 
procedure specified in the manufacturer’s manual for 
the kits were followed. A 96-well microtitre plate was 
used to conduct the analysis. Intra- and inter-assay 
coefficients of variations for corticosterone and insulin 
measurements were 2.04% and 9.88%, 10.6% and 
10.8%, 7.1% and 6.5%, respectively. 
Statistical analysis 
GraphPad Prism version 5.00 for Windows, GraphPad 
Software, San Diego California USA was used for all 
statistical analysis. All data are presented as 
mean±SEM. One-way analysis of variance (ANOVA) 
were performed and followed by Tukey test. A p value 




Food intake, body weight and weight gain 
As indicated in Table 1, the food intake of the WAS 
and FSS rats were significantly lower (p<0.05) 
compared with control rats during the first seven days 
of the experimental period. However the FSS rats 
showed a significant decrease (p<0.05) in food intake 
during the 28-day experimental period compared with 
WAS and control rats. There was no significant 
difference (p<0.05) in the food intake between WAS 
and control rats after the first week of experiment. The 
FSS rats showed significant reduction (p<0.05) in the 
overall body weight at day 14, 21 and 28 compared      
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Fig. 2: Effect of chronic psychological and physical stress on insulin sensitivity. “A” and “B” are glucose responses during ITT 
after 14 and 28 days of stress; “C “is the area under curve of the blood glucose for the ITT (A) and ITT (B). Data are expressed 
as means ± SEM (n=6). *P<0.05 vs control and # P<0.05 vs WAS. 
 
with control rats. However, there was no significant 
difference (p>0.05) in the body weight of FSS rats. 
 
Glucose tolerance 
After 14 days of exposure to the stress paradigm, WAS 
rats had improved glycaemic control compared with 
control (unstressed) rats as demonstrated by both the 
glucose tolerance curve (Fig. 1a) and significantly 
higher glucose AUC (p<0.05, Fig. 1c). Before the 
glucose load, there was no difference in the baseline 
blood glucose levels among the experimental groups of 
rats. The glucose challenge of 2g/kg dramatically raised 
the blood glucose level of in all groups at 30 min but it 
was remarkably lower in the WAS rats compared with 
control rats.  Glucose tolerance was comparable 
between the FSS and control rats. 
After 28 days of exposure to stress, WAS rats again 
demonstrated improved glycaemic control compared 
with control (unstressed) rats as evidenced by the 
glucose tolerance curve (Fig. 1b) and a significantly 
higher glucose AUC (p<0.05, Fig. 1c). There was no 
difference in the baseline (time-point 0 min) blood 
glucose levels among the experimental groups of rats. 
The glucose challenge of 2g/kg dramatically raised the 
blood glucose level of in all groups at 30 min and 
peaked at 60 min but the increase was markedly lower 
in the WAS rats compared with control rats.  The blood 




Glucose responses during ITT after 14 days of stress 
paradigm in the control and stressed rats are presented 
in Figure 2a. Fifteen minutes after an intra-peritoneal 
injection of insulin, there was a significant decrease in 
the blood glucose level in all groups of rats. The blood 
glucose levels in all groups decreased continuously and 
the lowest level was attained at the 60 min time 
interval. The WAS rats produced a greater degree of  
 
fall in their blood glucose level as compared with the 
control group. After 28 days, WAS and FSS rats 
showed a significant decrease in the glucose level as  
 
compared with unstressed control rats indicating 
improved insulin sensitivity (Fig. 2b). This observation 
was supported by the AUC data shown in Figure 2. The 
AUCITT for the FSS groups were significantly higher 
than the control rats. 
 
Fig. 3. Serum concentration of corticosterone (A) and insulin 
(B) in control, WAS and FSS rats. Data are expressed as 
means ± SEM (n=6). *P<0.05 vs control and # P<0.05 vs 
WAS. 
 
Effect of chronic psychological stress on corticosterone 
and insulin level 
As depicted in Fig.3a, the concentration of 
corticosterone was significantly increased (p<0.05) 
indicating elevated stress level in FSS and WAS 
compared with unstressed control rats. Rats chronically 
exposed to FSS showed a significantly increase 
(p<0.05) in serum insulin concentration compared with 
the unstressed control. However, there was no 
significant difference in the insulin level in the WAS 
rats compared with the control rats (Fig 3b). 
 
Effect of chronic psychological stress on the expression 
of insulin receptor and GLUT4 
The expression of INSR was not significantly different 
(p>0.05) in both stressed groups of rats compared with 
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the control (Fig.4a). However, the expression of 
GLUT4 was significantly lower in the FSS and WAS 
rats compared to the control rats, although the reduction 
was more markedly lower in the FST rats when 
compared with WAS rats (Fig. 4b). 
 
 
Fig. 4. Expression of insulin receptor (A) and GLUT4 (B) in 
the gastrocnemius muscle of control, WAS and FSS rats. 
Results are expressed as mean±SEM (n=6). *P<0.05 vs 
control and # P<0.05 vs WAS. 
 
DISCUSSION 
The present study was designed to study the effect of 
chronic physical and psychological stress on glycaemic 
control and expression of INSR and GLUT4 receptor in 
Sprague-Dawley rats. We employed the forced 
swimming and water avoidance tests to induce 
respectively a state of physical and psychological stress 
in the rats. The results demonstrated the development 
of insulin insensitivity with impairment of glucose 
metabolism through the down-regulation of INSR and 
GLUT4 expression under chronic physical stress 
condition. 
As observed in this study, physical stress caused a 
significant decrease in the food intake of FSS rats while 
the WAS rats had a significant reduction only in the 
first 7 days of exposure to the psychological stressor. 
The significant decrease in the food intake can be said 
to be responsible for the observed decrease in the body 
weight of the FSS rats. Stress-induced reduction in food 
intake has been reported to cause a decrease in weight 
gain (Neyanatara et al., 2005; Zardooz et al., 2006).  
Catecholamines and glucocorticoid which are key 
stress hormones stimulate protein breakdown while the 
stress activated hormone sensitive lipase degrades 
triglycerides in the adipose tissue (Konstandi et al., 
2013) thereby negatively impacting on body weight. 
Given that the link between stress, food intake and 
weight loss (or gain) has been used as a marker to 
assess the severity of the stress model (Nirupama et al., 
2012), it is evident from our data that FSS appears to be 
more severe than WAS as a model of stress and also 
adversely affected absolute body weight and / or weight 
gain. 
Stress is suggested to deteriorate glycaemic and 
promotes metabolic dysfunction such as glucose 
intolerance, insulin resistance, hypertension, 
hyperglycemia and increased leptin (Aikens et al., 
1997; Levine et al., 2006; Adam et al., 2007). Prior 
findings indicate that chronic physical stress in rats 
impairs glucose tolerance and carbohydrate metabolism 
(Zardooz et al., 2006a). In the present study, chronic 
physical stress prominently aggravates glycaemic 
control in the FSS rats. The increased glucose levels 
observed during chronic physical stress may be due to 
the hyperglycaemic effect of catecholamines and 
glucocorticoids, released respectively by the activation 
of the sympatho-adreno-medullary and pituitary-
adreno-cortical systems (De Boer et al., 1990; Surmit et 
al., 1992). Meanwhile, data from the chronic 
psychologically-stressed WAS rats showed opposite 
results as the animals failed to develop glucose 
intolerance and insulin insensitivity. Corroborating our 
findings, Rostamkhami et al., (2012) demonstrated the 
effects habituating effects of chronic psychological 
stress on plasma glucose level in rats. Their study 
demonstrated an increase in plasma glucose 
concentration on day 15, but not on day 30 as compared 
to day 1. This observation suggests that increasing days 
of exposure to the psychological stress could lead to 
adapted response with plasma glucose level similar to 
the control. Taken together, the present findings of ours 
where glucose control was adversely affected under 
chronic physical stress condition but relatively 
maintained under psychological stress highlight the 
complex nature of stress on glucose metabolism 
whereby the nature of the stress applied leads to 
different metabolic responses. 
The hypothalamic-pituitary-adrenal(HPA) axis is 
highly responsive to physical and psychological stress 
(Heim et al., 2008; Guerry et al., 2011) and is well 
known to play a role in the development of insulin 
resistance (Li et al., 2009; Ursache et al., 2012). In the 
present work, corticosterone levels were significantly 
increased following chronic exposure to both stress 
types. Exposure to stress levels of corticosterone 
produces physiological responses that are characteristic 
of insulin resistance such as hyperinsulinaemia 
(Vaughan et al., 2015). Our data indicate an increase in 
the insulin level in the FSS rats, suggesting that it may 
contribute to the development of insulin resistance 
following chronic physical stress. Conversely, we did 
not find an increase in insulin level following 
psychological stress in the WAS rats (at least at the 
time point tested), as the animals also failed to develop 
insulin resistance. The present findings support prior 
report by Zardooz et al. (2006b) stating that chronic 
psychological stress significantly lower plasma insulin 
levels and increases the responsiveness of pancreatic β 
cells to glucose. These authors also reasoned that low 
insulin levels of the stressed animals may be due to 
reasons other than the reduction of insulin releasing 
capacity of pancreatic β cells. 
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Different pathways of carbohydrate metabolism are 
reportedly altered under stressful conditions (Postic et 
al., 2004). We focused on the skeletal muscle to 
analyse the mechanism of systemic insulin resistance 
caused by physical stress because the skeletal muscle is 
responsible for 80% of whole body insulin stimulated 
glucose metabolism (Shulman et al., 1990). As 
previously described, down-regulation of INSR and 
GLUT4 expressions in insulin-sensitive tissues 
mediates insulin resistance (Ruan et al., 2002; Nieto-
Vazquez et al., 2008). In this study, we also recorded 
similarly reduced expression of INSR and GLUT4 and 
decline systemic insulin sensitivity in rats exposed to 
both chronic physical and psychological stress. 
Alteration of insulin signalling pathways is well known 
to be associated with glucose dysregulation. 
To conclude, our study demonstrates that chronic stress 
evoked insulin insensitivity and impairs glucose 
metabolism through the down-regulation of INSR and 
GLUT4 in skeletal muscles of Sprague-Dawley rats. It 
will be interesting to understand the mechanism(s) 
underlying/associated with the different metabolic 
responses from various stress modes and/or duration of 
exposure in future studies. 
 
ACKNOWLEDGMENT 
The authors wish to thank Sunday Ogunnowo who 
provided technical assistance during the experiments. 
 
REFERENCES  
Adam T.C., Epel E.S. (2007). Stress, eating and the 
reward system. PhysiolBehav.; 91(4):449-58. 
Aikens J.E., Mayes R. (1997). Elevated glycosylated 
albumin in NIDDM is a function of recent everyday 
environmental stress. Diabetes Care; 20:1111-3. 
Anand K.S., Anurag K., Vinod T., Vipin A., Kanwaljit 
C. (2010). Protective Effect of 
EpigallocatechinGallate in Murine Water-Immersion 
Stress Model of Chronic Fatigue Syndrome. Basic & 
Clinical Pharmacology & Toxicology; 106:490–496.  
Carrasco G.A., Van de Kar L.D. (2003). 
Neuroendocrine pharmacology of stress. Eur J 
Pharmacol.; 463:235–72. 
Chalkley S.M., Hettiarachchi M., Chisholm D.J., 
Kraegen E.W.  (2002). Long term high-fat feeding 
leads to severe insulin resistance but not diabetes in 
Wistar rats. American Journal of Physiology, 
Endocrinology and Metabolism; 282(6): E1231–
E1238. 
De Boer S.F., Koopmans S.J., Slangen J.L., Van der 
Gugten J. (1990). Plasma catecholamine, 
corticosterone and glucose responses to repeated 
stress in rats: effect of interstressor interval length. 
Physiol Behav.; 47:1117–24. 
Guerry J.D., Hastings P.D. (2011). In search of HPA 
axis dysregulation in child and adolescent depression. 
Clinical Child and Fam Psychology Review; 14:135–
160. 
Heim C., Newport D.J., Meltzko T., Miller A.H., 
Nemeroff C.B.  (2008). The link between childhood 
trauma and depression: insights from HPA axis 
studies in humans. Psychoneuroendocrinology; 
33:693–710.  
Jellinger P.S. (2007). Metabolic consequence of 
hyperglycemia and insulin resistance. Clin 
Cornerstone.; 8(7):S30-42. 
Kai K., Morimoto I., Morita E. (2000). Environmental 
stress modifies glycemic control and diabetes onset 
in type 2 diabetes prone Otsuka Long Evans 
Tokushima Fatty (OLETF) rats. PhysiolBehav.; 
68:445-52. 
Kevetnansky R., Fukuhara K., Pacak K., Cizza G., 
Goldstein D.S., Kopin I.J. (1993). Endogenous 
glucocorticoids restrain catecholamine synthesis and 
release at rest and during immobilization stress in 
rats. Endocrinology; 133:1411–9.  
Konstandi M., Shah Y.M., Matsubara T., Gonzalez F.J. 
(2013). Role of PPARα and HNF4α in stress-
mediated alterations in lipid homeostasis. PLoS One; 
8(8):e70675. 
Levine T.B., Levine A.B. (2006). Metabolic syndrome 
and cardiovascular disease. 1st Edition, Saunders 
Elsevier, Philadephia; p. 488.  
Li L., Thompson L.H., Zhao L., Messina J.L. (2009). 
Tissue-specific difference in the molecular 
mechanisms for the development of acute insulin 
resistance after injury. Endocrinology; 150:24–32. 
Million M., Tache´ Y., Anton P. (1999). Susceptibility 
of Lewis and Fisher rats to stress-induced worsening 
of TNB-colitis: protective role of brain CRF. Am J 
Physiol Gastrointest Liver Physiol.; 276: G1027–
G1036. 
Nayanatara A.K., Nagaraja H.S., Anupama B.K. 
(2005). The effect of repeated swimming stress on 
organ weight and lipid peroxidation in rats. Thai J 
Physiol Sci.; 18(1):3–9. 
Nieto-Vazquez I., Fernández-Veledo S., Krämer D.K., 
Vila-Bedmar R., Garcia-Guerra L., Lorenzo M. 
(2008). Insulin resistance associated to obesity: the 
link TNF-alpha. Arch Physiol Biochem.; 114:183–
194. 
Nirupama R., Devaki m., Yajurvedi H.N. (2012). 
Chronic stress and carbohydrate metabolism: 
Persistent changes and slow return to normalcy in 
male albino rats. Stress; 15(3):262–271. 
Pereira L.O., De Franscischi R.P., Lancha Jr A.H. 
(2003). Obesity: Dietary habits, sedentarism and 
insulin resistance. Arq Bras Endocrinol Metab.; 
47(2):111-27. 
Postic C., Dentin R., Girard J. (2004). Role of the liver 
in the control of carbohydrate and lipid    
homeostasis. Diabetes Metab.; 30:398–408. 
Chronic stress on insulin receptor and GLUT4 expression 
31                                              J. Afr. Ass. Physiol. Sci. 4 (1): July,  2016    Morakinyo et al.                              
 
Raikkonen K., Keltikangas-Jarvinen L., Adlercreutz H., 
Hautanen A. (1996). Psychosocial stress and the 
insulin resistance syndrome. Metabolism; 
45(12):1533–1538. 
Rostamkhani F., Zardooz H., Zahedias S., Farrokhi B. 
(2012). Comparision of the acute and chronic 
psychological stress on metabolic features in rats. J 
Zhejiang Univ Sci B.; 13(11): 904–912. 
Ruan H., Miles P.D., Ladd C.M. (2002). Profiling gene 
transcription in vivo reveals adipose tissue as an 
immediate target of tumor necrosis factor-alpha: 
implications for insulin resistance. Diabetes; 
51:3176–3188. 
Shulman G.I., Rothman D.L., Jue T., Stein P., 
DeFronzo R.A., Shulman R.G. (1990). Quantitation 
of muscle glycogen synthesis in normal subjects and 
subjects with non-insulin-dependent diabetes by 13C 
nuclear magnetic resonance spectroscopy. N Engl J 
Med.; 322:223–228. 
Sin T., Castillo T., Muñoz S., Candia M., López G., 
Calvillán M. (1996). Insulin tolerance test. A useful 
test to determine insulin resistance in obese hyper-
androgenic women. Rev Med Chil. 124(8):931-7. 
Soop M., Nygren J., Myrenfors P., Thorel A., 
Ljungqvist O. (2001). Preoperative oral carbohydrate 
treatment attenuates immediate postoperative insulin 
resistance. American Journal of Physiology, 
Endocrinology and Metabolism; 280(4): E576–E583. 
Strommer L., Permert J., Arnelo U., Koehler C.,  
Isaksson B., Larsson J., Lundkvist I., Bjornholm M., 
Kawano Y., Wallberg-Henriksson H., Zierath J.R.    
(1998). Skeletal muscle insulin resistance after 
trauma: insulin signaling and glucose transport. 
American Journal of Physiology; 275(38): E351–
E358. 
Surwit R.S., Schneider M.S., Feinglos M.N. (1992).  
Stress and diabetes mellitus. Diab Care; 15:1413–22. 
Thiago B-N., Dijon H.S., Campos., Carlos A., Samuel 
T., Antônio C.C., Sandra C.  (2013). Effects of 
chronic stress and high-fat diet on metabolic and 
nutritional parameters in Wistar rats.  Arq Bras 
EndocrinolMetab.; 57(8):642-9. 
Toleikis P.M., Godin D.V. (1995). Alteration of 
antioxidant status in diabetic rats by chronic exposure 
to psychological stressors. Pharmacology 
Biochemistry and Behaviour; 52(2):355–366. 
Ursache A., Wedin W., Tirsi A., Convit A.  (2012). 
Preliminary evidence for obesity and elevations in 
fasting insulin mediating associations between 
cortisol awakening response and hippocampal 
volumes and frontal atrophy. 
Psychoneuroendocrinology; 37:1270–1276. 
Vaughan O.R., Fisher H.M., Dionelis K.N., Jefferies 
E.C., Higgins J.S., Musial B., Sferruzzi-Perri A.N.,   
Fowden A.L. (2015). Corticosterone alters materno-
fetal glucose partitioning and insulin signalling in 
pregnant mice. J Physiol.; 593(5):1307-21. 
Zardooz H., Asl S.Z., Naseri M.K.G. (2006b). Effect of 
chronic psychological stress on insulin release from 
rat isolated pancreatic islets. Life Sci.; 79: 57–62. 
Zardooz H., Asl S.Z., Naseri M.K.G., Hedayati M. 
(2006a). Effect of chronic restraint stress on 
carbohydrate metabolism in rat. Physiol Behav.; 
89:373–378. 
Zhou J., Shi M.X., Mitchell T.D. (2001). Changes in rat 
adipocyte and liver glucose metabolism following 
repeated restraint stress. Exp Biol Med.; 226:312-9. 
 
